A sliding mode control (SMC) 
Introduction
The robot system is a complex nonlinear system itself and has the characteristics of time-varying, strongly coupled, multi-input and multi-output. In the practical applications of the robot, it is inevitable to be disturbed by the external interferences and make a deviation from the desired trajectory. In addition, the uncertainties of robot system itself affect the stability of the robot system greatly.
A disturbance observer (DOB) was designed and introduced into the sliding mode control of the robot system to estimate the uncertainties of the robot system and the external interferences in this paper. It makes compensation to modify the system, so that the movement of the robot will be in accordance with the desired trajectory. Besides, a sliding mode control strategy based on variable exponent reaching law has been designed to reduce shaking vibration, to achieve excellent control performance. The simulation results show that this method is effective to reduce the chattering of the robot sliding mode control and make the robot move as the desired trajectory, which improves the precision of control greatly and achieves excellent control performance.
Sliding mode control (SMC), also known as variable structure control, in essence, is a special nonlinear control, and its nonlinear is reflected in the non-continuity of control. Due to the properties and parameters of the SMC just depend on the design of the switching hyper plane and have nothing with the external interferences, so that the SMC has good robustness. The advantage of sliding mode control is able to overcome the systematic uncertainty, and has good robustness for disturbances and unmodeled parts, especially suitable for the control of nonlinear systems. Because of SMC with the characteristics of simple algorithm, fast response and robust to external noise and parameter perturbation, SMC has been widely applied in the field of robot control. Sliding mode control applied to robot control field should to be solved first is the chattering problem, due to the impact of the incomplete model of robot system and external interferences, there is always some certain delay and lag. The delay and lag will not make the actual sliding mode motion to be happened in the reserved switch plane, but cause a high-frequency vibration in the vicinity of its both sides, a phenomenon known as chattering of the sliding mode control systems. Chattering generation will affect the system control accuracy, increase the energy consumption of the system, and stimulate strong vibration of the unmodeled part to damage the system.
The dynamic model of robot
The model of a three-link master manipulator (represented in figure1.) could be described as:
where q ,  q ,  q and T are displacement, velocity, acceleration and control vectors, respectively. M represents the inertial matrix which is positive definite, H represents the summing up of coriolis and centrifugal and gravity terms. If the dynamics of the links were just taken into consideration in the model, the control input T would be either the force or torque vector of the joints. f is a disturbance force or torque vector. It should be noted that f has different meanings in different observer applications. For example, it can be friction in friction compensation, reaction torque or force in force control, and unmodeled dynamics in independent joint control. Since a general observer will be derived in this paper, all of them are considered as disturbances. 
SMC design
The SMC system based on the disturbance observer is shown in figure 2 . It mainly consists of three parts: sliding mode controller, disturbance observer and the robot.
The design of SMC includes two steps generally: (1) Determine the switch function ( ) s x Namely switching face, it determines the asymptotic stability and good quality of sliding mode control, switching face represents the ideal dynamic characteristics of the SMC system. (2) The sliding mode controller design Designing sliding mode controller, it should satisfy the sliding mode reaching condition: 0 ss   , so that the movement could approach to switching face in limited time.
To improve the property of SMC, a variable exponent reaching law is designed to keep a high approach speed and reduce the chattering and the DOB is introduced into the SMC system to estimate and correct the interferences and uncertainties, which gets the desired trajectory. 
The design of exponent reaching law
Sliding mode motion includes approach movement and sliding mode motion. Approach movement denotes the process 0 s  . The dynamic quality of the approach movement can be improved by the methods of improving the reaching law of the sliding mode control.
Exponential reaching law has been used widely during various reaching laws and it can be expressed as:
In the exponential reaching law, the exponential approach item s ks    can shorten the time to approach the switching surface. At the same time, in order to ensure to reach the switching surface in a limited time, a constant velocity approach
is added, which makes that the reaching speed  is not as the exponential approach item to approaching to 0, when let s close to 0. The approach speed also causes some jitter when the movement reaches the switching surface. To reduce chattering, k should be increased and  should be decreased. The improved exponential reaching law is following: 
According to equation (4), the improved exponential reaching law can satisfy the sliding mode reaching condition, the introduction of the item 4 s can not only accelerate the speed of the movement at the beginning which ensures that the movement reaches the switching surface in a limited period of time, but also cuts down the approach speed of 0 s  , which weakens the system chattering and solving the chattering problem of SMC inherent.
The design of sliding controller
Taking d q as displacement instructions, the error signals are:
Taking the commonly linear sliding surface as the sliding surface of the SMC system, the sliding surface is: 
According to equation (5) and equation (6),  s can be presented as follows: 
Take the improved exponential reaching law mentioned above as the reaching law of the SMC system: 
Combining equation (7) with equation (8), the control law can be presented as follows:
where f is unknown, thus it is necessary to introduce disturbance observer into the SMC system to estimate f . The control law would become:
where f is the estimated value of the item f ,  f is the estimated error.
Defining the Lyapunov function:
Combining equation (7) with equation (10), we can obtain: 

,and take it into the equation (12), we can obtain:
The design of DOB
In the robot system, due to the impact of external interferences and some uncertainties, the trajectory of the robot will deviate from the desired trajectory. Disturbance observer is designed to detect and correct external interferences and some uncertainties in the system, which makes that the robot can move as the desired trajectory.
The basic idea of observer design is to make a correction of the estimated value based on the difference between the estimated output and actual output. Therefore, disturbance observer can be designed as follows:
wherex is the estimated value of the item  e ,  x is the estimated error.    x = e x . Stability Analysis:
Taking derivative of 2 V :
Through the substitution and calculation of the master's physical parameters, we can get a list of the parameters, as follows: Figure 3 and Figure 4 , it is obvious to be known that the improved exponential reaching law reduced chattering of the control input signal significantly, and the introduction of DOB cut down the tracking error greatly, meaning that the robot moves as the desired trajectory, getting an excellent control result. Figure 5 shows the observe results of interference, it proof that the designed DOB is on a good working.
Conclusion
A variable exponent reaching law proposed and the DOB has been designed to improve the property of SMC in this paper. Variable exponent reaching law makes the SMC to keep a high approach speed and reduces the chattering of the SMC and the DOB introduced into the SMC system estimates and corrects the interferences and uncertainties to get the desired trajectory. The simulation results demonstrate that variable exponent reaching law and DOB have made great contribution for the SMC of robot to improve the control precision and achieve excellent control performance.
